Purified mitochondrial DNA (mitDNA) from ovaries ofXenopus lae vis was injected into the nuclei (germinal vesicles) of large viteUogenic oocytes of the same organism and examined by electron microscopy ofthe spread nuclear contents. Normally located nuclei of untreated oocytes as weil as peripherally translocated nuclei of centrifuged oocytes were used. In addition, oocyte nuclei isolated and incubated under liquid paraffin oil were injected with DNA . The integrity oftranscriptional structures of endogenous chromosomal (Iampbrush chromosomes) and extrachromosomal (nucleoli) genes of the injected nuclei was demonstrated . Microinjected mitDN A was identified as circles of chromatin exhibiting polynucleosome-like organization and a me an contour length of 2.6 J.Lm, corresponding to a compaction ratio of the mitDN A of about 2 : I. This DNA packing ratio is similar to that observed after preparation of various kinds of native chromatin in low salt buffers . The chromatin circles formed from injected mitDNA only very rarely exhibited lateral fibrils suggestive of transcriptional activity. These results suggest that purified mitDNA can be transformed to normally structured chromatin when exposed to oocyte nuclear contents but is rarely , if at all , transcribed in this form and in this environment. Circular double-stranded DN A molecules injected into oocyte nuclei of Xenopus laevis are relatively stable and can be assembled into chromatin-like configurations. This has been demonstrated for SV40 DNA [1] [2] [3] [4] [5] , plasmid DNA [6] and extrachromosomal ribosomal DNA (rDNA) from an insect [7] . Moreover, transcription of genes contained in such injected DNA molecules has been demonstrated [8] , e.g., for SV40 DNA [9] [10] [11] [12] [13] , and for various plasmids such as those containing genes coding for histones of Drosophila [9, 11] or sea urchin [14] [15] [16] , genes coding for 5S rRNA ofXenopus [17] , genes coding for tRN As of a nematode [18] or Xenopus laevis [15, 19] , and a plasmid containing a major portion of the pre-rRNA gene of Xenopus [6] . Transcription of DNA injected into Xenopus oocyte nuclei has also been demonstrated for the naturally occurring circular pre-rRNA genes from ovaries of the water beetle, Dytiscus marginalis [7] . In the present study we show that another eukaryotic kind of circular DNA, which in nature is not associated with histones and nuclear transcriptional complexes , namely the mitochondrial genome, can be organized into Exp Cell Res 122 (/979 ) 
SUMMARY
Purified mitochondrial DNA (mitDNA) from ovaries ofXenopus lae vis was injected into the nuclei (germinal vesicles) of large viteUogenic oocytes of the same organism and examined by electron microscopy ofthe spread nuclear contents. Normally located nuclei of untreated oocytes as weil as peripherally translocated nuclei of centrifuged oocytes were used. In addition, oocyte nuclei isolated and incubated under liquid paraffin oil were injected with DNA . The integrity oftranscriptional structures of endogenous chromosomal (Iampbrush chromosomes) and extrachromosomal (nucleoli) genes of the injected nuclei was demonstrated . Microinjected mitDN A was identified as circles of chromatin exhibiting polynucleosome-like organization and a me an contour length of 2.6 J.Lm, corresponding to a compaction ratio of the mitDN A of about 2 : I. This DNA packing ratio is similar to that observed after preparation of various kinds of native chromatin in low salt buffers . The chromatin circles formed from injected mitDNA only very rarely exhibited lateral fibrils suggestive of transcriptional activity. These results suggest that purified mitDNA can be transformed to normally structured chromatin when exposed to oocyte nuclear contents but is rarely , if at all , transcribed in this form and in this environment. Circular double-stranded DN A molecules injected into oocyte nuclei of Xenopus laevis are relatively stable and can be assembled into chromatin-like configurations. This has been demonstrated for SV40 DNA [1] [2] [3] [4] [5] , plasmid DNA [6] and extrachromosomal ribosomal DNA (rDNA) from an insect [7] . Moreover, transcription of genes contained in such injected DNA molecules has been demonstrated [8] , e.g., for SV40 DNA [9] [10] [11] [12] [13] , and for various plasmids such as those containing genes coding for histones of Drosophila [9, 11] or sea urchin [14] [15] [16] , genes coding for 5S rRNA ofXenopus [17] , genes coding for tRN As of a nematode [18] or Xenopus laevis [15, 19] , and a plasmid containing a major portion of the pre-rRNA gene of Xenopus [6] . Transcription of DNA injected into Xenopus oocyte nuclei has also been demonstrated for the naturally occurring circular pre-rRNA genes from ovaries of the water beetle, Dytiscus marginalis [7] . In the present study we show that another eukaryotic kind of circular DNA, which in nature is not associated with histones and nuclear transcriptional complexes , namely the mitochondrial genome, can be organized into nucleosome-like chromatin structures upon microinjection into the amphibian oocyte nucleus.
MA TERIALS AND METHODS

Isolation of DNA
Mitochondrial DNA (mitDNA) was prepared from isolated mitochondria of Xenopus laevis ovaries as described by Dawid [20] . The DNA was extracted by digestion with pronase (0.5 mg/mI) in the presence of 2 % Sarkosyl NL 97 and 50 mM Tris-HCI buffer (pH 7.2) for 12 h at 37°C, followed by shaking twice with phenol and chloroform/isoamylalcohol (24: I), respectively. The material was dialysed against buffer (10 mM Tris-HCI, pH 7.2; I mM EDTA) , adjusted to an initial density of 1.702 g/cm 3 by the addition of CsCI and run for 60 h at 20°C at 40000 rpm in the 50Ti rotor of a Beckman-Spinco ultracentrifuge.
Simian virus (SV40) DNA was prepared from subconfluent CVI cells (African green monkey cell line CVI) in roller bottles infected at a multiplicity of approx . 10 pfu/cell with plaque-purified SV40 strain 777. Virus was allowed to adsorb at 37°C for I h, and 100 ml of culture medium containing 2 % fetal calf serum (FCS) were then added to each roller bottle. The infection was allowed to proceed for 70 h. Cells were harvested and viral and cellular DNA were separated by precipitation of the cellular DNA according to the procedure described by Hirt [21] . The supernatant fluid was extracted three times with phenol , precipitated with ethanol , dialysed against buffer (10 mM Tris-HCI, pH 7.2; I mM EDTA; 0.2 M NaCI) and run twice in CsCI gradients to minimize RNA contamination .
Injection experiments
Mitochondrial DNA or SV40 DNA was injected into nuclei of intact large Xenopus laevis oocytes (stage V and VI sensu [22] ) or into manually isolated nuclei of these stages. Alternatively, one of the following injection procedures was employed.
(a) Oocytes were injected with 1-2 ng DNA dissolved in 10-15 nl injection buffer (15 mM Tris-HCI , pH 7.6; 88 mM NaCI, I mM KCI; cf [23] ) , aimed for the oocyte nuclei, and incubated for one day. This injection procedure has been described in detail [24] . The oocyte nuclei were then manually isolated and their contents spread for electron microscopy as described [7] .
(h) The second injection technique used included a centrifugation step in order to facilitate nuclear injection [19] and has been described elsewhere [13] . In order to defolliclliate the oocytes small pieces excised from the ovary were first incubated in OR2 medium without Ca 2 + ions [25, 26] containing 0.2 % collagenase [26] , at max. 27°C with gentle agitation for 2 h. Separated oocytes were selected, transferred to normal Barth's solution [27] and incubated for I h. Centrifugation of the isolated oocytes was performed Exp Cell Res / 22 ( /979) as described [ 19] . Injecti on 01" the oocyte nucl ei. incubation (3 h or 1 day) and spreading for eleCli·on microsco py was as described [cf7, 13] .
(e) Oocytes were manually isolated from ovaries in Barth's solution and washed twice in "5: I"-medium [28] . After careful removal of the washing medium the oocytes were covered with paraffin oil (Merck, Darmstadt , FRG) . The oocyte nuclells was isolated under oil , c1eaned from the adhering ooplasm and transferred into an oil drop put onto a siliconized glass slide. After injection of the DNA sam pies (as described above) the slides were kept at 20°C for 3-5 hand processed for electron microscopy as described (see below) .
Spreading procedures
Deproteinized DNA was prepared for electron microscopy by the cytochrome e droplet diffusion method [29] and stained and shadowed as described [30] .
Nuclear contents were allowed to disperse under very low salt conditions (0.1 mM sodium borate buffer, pH 8.0 or 9.0; cf [31] ) , centrifllged, stained and shadow-cast as described [7 , 31 -33] .
Electron microscopy
Micrographs were taken with a Zeiss EM-1O electron microscope at 40 or 60 kV. The magnification indicator was routinely controlIed by comparison with a grating replica. Length measurements of DNA molecllies or chromatin lInits, calculations and distribution analyses were performed as described [30] .
RESULTS
Preservalion of endogenous chromatin structures du ring and after injection
In experiments on the organization and transcription of DNA injected into am- Note that transcriptional units differ in sizes (the two short arrows in the bottom part denote very sm all units) , in their polarity within the loop (indicated, e.g., by the arrows in two loops in the upper part) , and in patterns of interspersed , apparently non-transcribed intercepts ('spacers' ; see most of the loops; the vertical bar indicates a situation in which a transcriptional unit seems to be c10sely followed by another matrix unit, without visible spacer intercept) . For description of types of transcriptional units in lampbrush chromosomes see ref. [66] . Bar, 10 f-Lm. x 44oo. phibian oocytes it is critical to monitor the preservation of endogenous chromatin , including both inactive chromatin and transcriptional units. As to the injection procedure described in Methods (a), evidence has recently been presented that transcriptional units of both nucleoli and lampbrush chromosome loops are essentially unaffected during and after injection of relatively large amounts of exogenous DNA into the oocyte nucleus [7, 34] . In the context of the present study we want to document that structural integrity of chromosome organization and active tran scriptional units of lampbrush chromosome loops was also observed after injection according to the procedures described in Methods (b , e), i.e. after centrifugation of oocytes or after isolation of the germinal vesicles under paraffin oil prior to injection (figs 1, 2 a-d). Similarly, with all three procedures employed maintenance of structural integrity was also seen in nucleolar structures (e .g. , fig. 2b , e) . This demonstration of structural preservation of endogenous chromatin is especially important in the case of nuclei isolated and incubated under paraffin oil as this method might have been expected to result in greater damage than the two other methods which leave the nucleus in the oocyte. Regions in transcribed chromatin showing reduced densities of lateral ribonucleoprotein (RNP) fibrils and/or polymerase-containing granules without attached fibrils were also found which was indicative of reduced transcriptional activity or disturbed packing and processing of nascent RNP material (e.g., fig. 2 b, e). It was not clear, however, whether the appearance of such structures had been caused by the specific treatment or whether it reflected differences of transcriptional intensity and processing in the specific oocyte used (for structures characExp Ce/! R es / 22 (/ 979) tenstlc of reduced transcriptional density in amphibian oocytes see , e.g. , [35] [36] [37] .
In all preparations described here the endogenous transcriptionally inactive chromatin of the oocyte nucleus appeared almost exclusively in the form of strands of relatively closely packed nucleosomes (e.g., fig. 2d ). Under the specific conditions used for chromatin dispersion and spreading , which involved the use of low salt buffers , the mean density of nucleosomal particles observed was 42 nucleosomes per fLm chromatin strand (e.g. , fig.  2 d) . However, considerable heterogeneity in nucleosomes density was noted in different preparations and in different areas of the same preparation , sometimes in adjacent regions of the same chromatin strand , ranging from 24 to 47 nucleosomes per fLm (cf [40] and, in other cell systems [38] [39] [40] [41] [42] [43] ).
It should be emphasized that our results obtained with procedure (e) , i.e. involving nuclear isolation transfer and incubation in an oil droplet, are limited to a maximal incubation time of 5 h whereas we have usually extended the incubation for up to one day with the other two methods which both use the intact oocyte.
Charaeterization of injeeted DNA
The mitDNA as we used it is shown in fig.  3 . It contained a high proportion of circular molecules , including a somewhat variable amount (10-18 %) of supercoiled molecules. Measurements of the contour lengths of these molecules showed a mean molecular length of 5.41 fLm , similar to previous measurements of other authors [e.g. [44] [45] [46] [47] . Preparations of purified SV40 DNA, which we used for comparison in our injection experiments, have been described in detail elsewhere [48] [49] [50] . 
Identification of mitDNA-containing structures in nuclei
When contents of oocyte nuclei injected with mitDNA were dispersed in low salt buffers and spread for electron microscopy , numerous characteristic and rather homogeneously sized ring structures were found which we have never observed in uninjected nuclei and in nuclei injected with other kinds of DNA such as from SV40 and rDNA from Dytiscus ovaries (cf [7, 33 , 51] ; compare also fig. 5e ). Therefore, and from the size distribution of these ring structures (see below), we conclude that these ring structures contain the injected circular DNA molecules. Frequently, these rings of chromatin-like morphology were seen in large aggregates, some of which contained several hundred rings ( fig. 4a) . Each of these rings appeared as a chain of beads of diameter 10-13 nm (figs 4,5), with center-to-center distances, in rings of relatively dense bead packing, of 20-23 nm. However, regions with greater bead-tobead distances were also found in some rings ( fig. 5 ; in particular, see inset in fig.  5a and fig. 5d ). The morphology of the rings was indistinguishable from that of inactive chromatin endogenous to the injected nuclei ( fig. 2d ; cf [52] ) and was also similar to that of inactive chromatin observed in a diversity of other cells (for refs see [39, [41] [42] [43] [52] [53] [54] ), including non-transcribed chromatin formed from plasmid or SV40 DNA injected to Xenopus laevis oocyte nuclei (cffig. 5e; [3, 6] ). Therefore, we interpret these beads seen in association with mitDNA injected into the nucleus as representing nucleosomes formed from the large reservoir of stored histones present in Xenopus oocytes [3-5; cf 55] .
When numbers of nucleosome-sized beads per ring of mitDN A were counted a mean value of 86 and a maximum of 94 Exp Cell Res /22 ( /979) beads/ring was determined (in such evaluations we did not include rings revealing larger 'gaps' in bead density as , for example, the ring shown in the insert of fig.  5a ). Rings of chromatin-like bead structures formed in association with SV40 DNA injected in parallel were counted to contain a maximum of 26 and a mean of 24 particles (cf fig. 5e ), i.e. a value similar to nucleosomal numbers of SV40 'minichromosomes' in infected somatic cells grown in culture [48] [49] [50] [56] [57] [58] .
We also repeatedly observed less intenseIy stained fibril structures characterized by a homogeneously 'smooth', i.e. non-beaded , contour and a diameter of 7-12 nm which sometimes showed continuity with the beaded chromatin-like fibrils of rings containing the injected mitDNA ( fig . 5c ). Similar non-beaded thread-like structures were also seen in linear forms, i.e. with free ends (fig. 5 c) . We do not know the nature ofthis unusual structure but the continuity with arrays of chromatinous ' beads-on-a-string' fibrils may suggest that this is another form of deoxyribonucleoprotein complex.
Since transcriptional activity of DNA injected into Xenopus laevis oocyte nuclei had been demonstrated by electron microscopy [6, 7] , and transcription of injected DN A has been shown for various kinds of DNA containing promoters of transcription for nuclear RNA polymerases A, Band C (for references see p. 363) we paid special attention to the identification of structures possibly related to transcriptional events that might be indicated by arrays of lateral fibrils. However, in the many hundreds of chromatin-like ring structures containing injected mitDNA only few configurations suggestive of lateral fibril formation were encountered (e.g., fig. 5d ). Moreover, the number of such lateral fibril structuresl circle was never greater than two. Mostly, (a-<i) are from nuclei injected as described in Methods (a) , that shown in (e) has been injected as described in Methods (b) . Note the dense packing of nucleosome-like granules in most of the rings containing the injected DNA (a, b) ; the in set in (a) presents an example of a ring showing some relatively extended intergranular regions of thin and smooth fibril character, possibly 'naked' DNA. Another structure sometimes observed in chromatin rings containing the injected mitDNA molecules (arrows in c ) is character-
MitDNA injected into nuclei 371
ized by a non-beaded , uniformly thick (7-12 nm) appearance. This structure is significantly less stained compared with the nucleosome-like chromatin beads. Only occasionally, one sees rings of chromatin-like morphology and of contour lengths typical of mitDNAcontaining chromatin which appear to be associated with lateral fibrils (arrows in d). Such structures may represent, but do not prove, the occurrence of transcriptional events . A similar situation is sometimes observed in rings of SV40 DNA-containing chromatin (e) which can exhibit a lateral fibril (arrow in e ) attached to a relatively thick basal granule (arrow in e). Bars: such rings exhibited only one lateral fibrillike structure. Interestingly, rings of chromatin assembled on injected SV40 DNA also very rarely showed lateral fibril structures and those rings, in which lateral fibril structures were seen, usually did contain not more than one such lateral fibril (e.g.,
fig.5e).
Comparison of contour length of mitDNA with those containing of chromatin circles mitDNA to be 2.68±0.32 JLm (in the preparation prepared as described in Methods (a)) and 2.56±0.24 JLm (in preparations according to procedure outlined in Methods (h); values determined in preparations made as described in Methods (c) are similar but the total number of measurements was too small for reasonable statistical evaluation). These values correspond to mean compacti on rations of the mitDN A of 2.02: 1 and 2.11 : I, respectively. Since in the same preparations a few circles of contour lengths of about 2.0 JLm were also found it might be concluded that the maximal packing ratio of mitDNA observed under the low ionic strength conditions employed can be ca 2.7: 1.
A similar reduction of contour length in the chromatin formed upon injection into the oocyte nuclei was observed in the SV40 DNA molecules (cf fig. 5e 
Comparison of the different procedures used for injection
Similar results have been obtained with all three methods used. While the procedure described in Methods (c) has the advantage of excluding cytoplasmic contributions during and after injection, the other two methods allow much longer incubation times and seem to be more physiological.
DISCUSSION
Our results show that mitDNA injected into a nucleus, i.e. the germinal vesicle of Xenopus laevis oocytes, is relatively stable and is efficiently assembled into chromatin structures revealing a nucleosome-like organization. These observations confirm and extend those made with other circular forms of DNA injected into oocyte nuclei such as SV40 DNA ( [3] [4] [5] 10] ; this study) and plasmid DNA [6] . The compaction ratio of the injected mitDNA in the chromatin rings formed is similar to that observed , at low salt concentrations, in other circular DN A molecules such as amplified rDNA present in non-transcribed nucleolar chromatin of oocytes of the water beetle, Dytiscus marginalis [42] , and the chromatin rings containing DN As of some viruses such as SV 40 ([48-50, 56--60] ; as to injection experiments see also [3] [4] [5] ) and human and bovine papilloma viruses [61] . Assuming a total of approx. 17 000 base pairs per mitochondrial genome (for basis of estimation cf [62] ) the observed mean value of 86 nucleosomes and the maximum of 94 nucleosomes per assembled mitochondrial chromatin rings would correspond to nucleosomal contents of 198 and 181 base pairs of DNA, respectively, which is close to the figure of 185 base pairs ofDNA per nucleosome reported for chromatin of oocytes of Xenopus laevis [ 40] .
Most of the chromatin rings formed frorriinjected circular molecules of mitDN A appear to be transcriptionally inactive and tend to form large aggregates. Our results, in particular the observed absence of lateral fibril structures in most mitDNA-containing chromatin rings , indicate that the great majority of the injected molecules are not transcribed. Low proportions of transcribed DNA molecules have also been found when plasmid molecules containing parts of the pre-rRNA gene have been injected intoXenopus oocyte nuclei [6] . Similarly , we have seen only very few SV40 ' minichromosomes' with sizeable lateral fibrils attached when SV40 DNA has been injected into oocyte nuclei (this study; co mpare also [3] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In this connection it should also be noted that lateral fibrils containing nascent transcripts usually are relatively sparse in SV40 chromatin rings in infected cells (e.g., [63] ; P. Oudet & P. Chambon , personal communication) as weil as in many of the HeLa cell mitochondrial genomes seen in the spread preparations of Aloni & Attardi [64] . At least, our demonstrations of maintained transcriptional activity of endogenous genes in the injected nuclei clearly indicate that the treatment of the oocyte and its nuclei per se is not harmful to transcription. The chromatin-like arrangement of mit-DNA injected into the nucleus as reported in this study is clearly different from the structures described by Pinon et al. [47] which have been interpreted as showing the native chromatin-like organization of protein complexes associated with the genome of mitochondria of Xenopus laevis oocytes (for another type of a single granular protein complex attached to the DNA of HeLa mitochondria see [65] ). Pinon et al. [47] have presented a relatively protein-rich structure (I : 1 w/w protein/DNA) consisting of an apparently relaxed circle (mean contour length 1.54 M-m) of a chain of 48±4 beads of nearly nucleosomal size. This would represent an apparent foreshortening Exp Ce" Res /22 (/979) of the mitDNA by a factor of about 3.4. It is obvious that this structure cannot represent a nucleosome-like organization of the whole mitochondrial genome since it would correspond to an equivalent of about 350 base pairs of DNA per bead. Thus the nature and the significance of the beaded arrays described by these authors will have to be further elucidated before a detailed comparison with intranuclear chromatin structures can be made.
MitDNA assembled into circular chromatin upon injection into the nucleus is also an interesting model for studies of chromatin organization since the size of the molecule by far exceeds that of the only weil studied model, the SV40 chromatin, by a factor of about 3.6. This would make the 'mitochondrial minichromosome' an attractive object in studies of, for example, changes of superhelicity and other conformational questions.
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